In order to investigate the effect of strong wind on dynamic characteristic of traffic flow, an improved car-following model based on the full velocity difference model is developed in this paper. Wind force is introduced as the influence factor of car-following behavior. Among three components of wind force, lift force and side force are taken into account. The linear stability analysis is carried out and the stability condition of the newly developed model is derived. Numerical analysis is made to explore the effect of strong wind on spatial-time evolution of a small perturbation. The results show that the strong wind can significantly affect the stability of traffic flow. Driving safety in strong wind is also studied by comparing the lateral force under different wind speeds with the side friction of vehicles. Finally, the fuel consumption of vehicle in strong wind condition is explored and the results show that the fuel consumption decreased with the increase of wind speed.
Introduction
As an important part of modern traffic flow theory, carfollowing theory describes how the vehicle follows the vehicle ahead. The principle of the car-following model is that the acceleration or deceleration of the vehicle depends entirely on the driver's response to the stimuli from the surrounding vehicles. Because the research of car-following model is of great significance to traffic management and traffic safety analysis, it has been proposed as early as 1950s. Pipes [1] presented the first car-following model in 1953. Subsequently, researchers have developed some classic models [2] [3] [4] [5] . Newell [2] derived a car-following model with time delay which is important to exploring the evolution of traffic jam. Bando et al. [3] proposed an optimal velocity model (OVM) to reveal the complex dynamic characteristics of traffic flow. To solve the problem of excessively high acceleration and unrealistic deceleration in OVM, generalized force model (GFM) has been developed by Helbing and Tilch [4] . Based on the GFM, Jiang et al. [5] developed a car-following model called full velocity difference model (FVDM) . In recent years, car-following theory has been rapidly developed and many models have been proposed to describe traffic phenomena and driving behavior. These new models focused on many different factors that influence car-following behavior, like the effects of time delay [6] [7] [8] [9] , multiple-vehicle in front [10] [11] [12] [13] , lane changing [14] [15] [16] [17] [18] [19] , the heavy vehicles [20] [21] [22] [23] , driver's behaviors [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] , and some other factors in the literatures [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . Nagatani [12] found that the car interaction before the next car ahead can stabilize the traffic flow. Tang et al. [14] presented a car-following model on two lanes by considering the lateral effects in traffic. They believed that vehicle drivers always worry about the lane changing actions from neighbor lane and the consideration of lateral effects could stabilize the traffic flows on both lanes. Peng and Cheng [27] developed an extended model based on FVDM through substituting an anticipation optimal velocity with optimal velocity and discussed the impact of driver's forecast on traffic flow stability. Liu et al. [31] believed that short-term driving memory can influence the driver's anticipation behavior. Yu and Shi [33] put forward an improved car-following model in the connected cruise control strategy to investigate the effects of multiple preceding cars' velocity changes with memory on each car's speed and acceleration, the relative distance, fuel consumption, and CO, HC, and NOX emissions.
However, in these car-following models mentioned above, little effort has been made to study the effect of inclement weather on driving behavior. Inclement weather, 2 Mathematical Problems in Engineering especially strong winds, has important influence on traffic safety, and traffic accidents caused by strong winds often appear in the news. A British study showed that up to 318 accidents were caused by strong winds from January 2002 to June 2007. In the case of driving in strong wind, drivers will always consider the impact of it to avoid traffic accident, so it is necessary to study the effect of strong wind on the driving behavior. Many researches have been done to investigate the effect of wind. Kwon et al. [45] explored that wind force acting on the vehicle has great effect on occurrence of traffic accidents. Baker [46, 47] found that overturning accidents, sideslip accidents, and rotation accidents are three most common types of traffic accident which can be induced by wind. In addition, they further presented the mathematical model of wind-induced accident risk. Xu et al. [48] explored the vehicle stability driving model with considering crosswind and obtained the limit minimum radii of horizontal curve in the conditions of different wind speeds.
However, the above works on strong wind only focus on studying the impact of strong wind from the perspective of traffic safety. To investigate the effect of strong wind on the micro driving behavior of vehicle, we develop an extended car-following model in this paper. This paper is organized as follows. In Section 2, a new improved car-following model based on FVDM is proposed by taking into account the effect of strong wind. In Section 3, linear stability analysis is carried out and the stability condition of this model is obtained. In Section 4, a series of numerical simulations is proposed to confirm the theoretical results. Conclusions are given in Section 5.
Model
Among the existing car-following models, the full velocity difference model (FVDM) proposed by Jiang et al. [5] is the most effective one, which can describe many car-following behaviors appearing in the real traffic. FVDM can be written as follows:
where ( ) is the position of the ℎ vehicle at time ; Δ = +1 − and ΔV = V +1 − V are the headway and the velocity difference between successive vehicles, respectively.
(Δ ) is the th vehicle's optimal velocity which is a function of headway and can be expressed as follows:
Where 1 , 2 , 1 , 2 are parameters, respectively, and their values are the same as those in [5] .
In the case of driving in the weather of strong wind, driving behavior always has been affected not only by the vehicle ahead, but also in a large degree by the wind force on vehicle. Driver in the vehicle behind will keep following with the leading vehicle. At the same time, he will consider the impact from strong wind especially lateral wind which can make the vehicle's control harder. When the wind force is great enough to make the driver feel uncomfortable to control the vehicle, adjusting the driving speed will be done by the driver to reduce the impact of wind.
According to automobile aerodynamics [49] , the wind force on the stationary vehicle can be decomposed into drag force ( ), lift force ( ), and the side force ( ), which can be formulated as follows:
where , , are, respectively, drag coefficient, lift coefficient, and side force coefficient. and V are, respectively, air density and velocity of the wind. represents windward area of vehicle. Windward area is related to the angle between the wind direction and the vehicle.
In this paper, we investigate the wind force on the running vehicle. In addition, we consider that there always exists an angle between the wind direction and the driving direction in real traffic. According to the above reasons, we rewrite (3) as follows:
where V = √V 2 + V 2 − 2V V cos( ) represents relative velocity of the wind and the vehicle. is the angle between the wind direction and the driving direction. , , and are, respectively, length, width, and height of the vehicle. Among three force components of wind force, side force ( ) has the greatest influence on the vehicle's driving stability [50] . Furthermore, lift force ( ) is also taken into account since it will gradually become strong with the increasing relative velocity of wind to the vehicle; as a result the actual weight of vehicle is reduced. That is why driver has the feeling of floating in the case of driving in a high speed. The greater lift force will also affect the vehicle's steering stability. Based on above consideration, we take side wind force and lift force into account and propose the car-following model under strong wind, which can be expressed as
where (Δ ) is modified optimal velocity with the consideration of the wind effect. For simplicity, we define (Δ ) as follows:
whereṼ is adjustable speed of optimal velocity under the influence of the wind force. The influence of wind force on the vehicle can be measured by driver's driving comfort degree. In the case of driving Mathematical Problems in Engineering 3 in wind, driver's driving comfort degree decreases with the increasing speed of wind. When the wind speed is small, drivers can not feel the impact of the wind. With the increase of wind speed, the driving comfort degree of the driver continues to reduce. When the degree reduced to a critical value, drivers need to adjust the driving state to reduce the impact caused by the wind and typically reduce the speed of vehicle. Thus, we defineṼ = − (Δ ); is coefficient which varies with the change of driving comfort degree. Thus, the new car-following with the consideration of wind effect is as follows:
Next, we define as follows:
where is sideway force coefficient which can measure the degree of driving comfort and the driving stability. is the critical value of sideway force coefficient when the driver feels uncomfortable, and 0 < 1 < 1, 2 > 1 are coefficients. When the sideway force coefficient is smaller than , the driver does not need to consider the effect of the wind and just needs to pay attention to the driving state of the vehicle ahead. As the wind speed increases, the value of sideway force coefficient ( ) gradually increases. When the value of is bigger than , the driver will feel uncomfortable to control the vehicle, so he needs to slow down to reduce uncomfortable feeling caused by the wind. If the sideway force coefficient reaches 2 , the vehicle will reach the maximum deceleration to avoid the accident. Equation of sideway force coefficient is expressed as
where V , , ℎ , , and are vehicle speed, horizontal radius, super elevation, vehicle weight, and side force of wind, respectively. In the case of driving in the plane curve road section, we can set ℎ = 0. Taking the influence of the lift force of the wind into account, the vehicle weight ( ) can be rewritten as
Thus, (9) can be rewritten as
Because (7) has taken the lift force and side force of the wind into account, it can be used to describe the driving behavior under varying speeds of wind.
The Linear Stability Analysis
Strong wind has great effect on traffic flow. However, little effort has been made to study the effects of strong wind on traffic flow from perspective of the linear stability analysis. In this section, the linear stability theory is applied to derive linear stability condition of the new proposed model in this section. The uniform traffic flow is defined by such a state that all vehicles move with the optimal velocity (Δ ) and the identical headway ℎ.
Assuming ( ) = (0) ( ) + ( ), where (0) ( ) = ℎ + (ℎ) and ( ) is a small deviation from the steady state (0) ( ), then we can rewrite (7) as
where (13), we can obtain the first-and second-order terms of coefficients in the expression of , respectively:
For small perturbations with long waves, the uniform steady state will become unstable when 2 is negative. Thus the neutral stability curve is given by
The uniform traffic flow will be stable if Figure 1 shows the neutral stability line in the headwaysensitivity space (Δ , ) with different sets of . For the case of = 0, the neutral stability line is the same as that of FVDM. The traffic flow is stable above the neutral stability line, while below the line traffic flow is unstable. The regime where the values of the headway give positive values of the stability function (see (15) ) represents the unstable regime. The apex of each neutral stability curve represents the critical point (ℎ , ), where ℎ and are, respectively, the safety distance and the critical sensitivity. It can be seen clearly from Figure 1 that, given the same values of headway, the critical point and the neutral stability curve obtained from our model are significantly lower than those of FVDM. The new model has a smaller unstable regime, which means the stability of the traffic flow is improved as the value of increases. The result of Figure 1 indicates that since FVDM did not consider the effect of strong wind, the vehicle velocity calculated by FVDM is still high even when the wind speed gets higher, which will decrease the stability of traffic flow. On the other hand, we believe that the strong wind will reduce the vehicle's velocity; as a result, stability of traffic flow will be improved.
Numerical Simulations
In this section, we explore the impacts of the strong wind on driving behavior by using numerical method. Simulation is made to investigate evolution of small perturbation, lateral stability of vehicle, and vehicle's fuel consumption, respectively.
Evolution of a Small Perturbation.
We study spatial-time evolution of small perturbation with the effect of wind in this subsection. To compare with the FVDM which has not considered the impact of wind, we suppose that there are vehicles running on a ring road whose length is = 1000 m and those vehicles have same characters as = 5, = 2, = 1.5, = 9800. The initial state is set as Figure 2 shows the space-time evolution of the velocity after 500 seconds and the velocity profile of the 30th vehicle for different wind speed. From Figure 2 , we can observe the following:
(1) Using our model with the consideration of wind effect, the maximum speed in Figure 2 (b) is approximately 12 m/s with wind speed at 20 m/s, which is significantly lower than that obtained by FVDM about 14 m/s in Figure 2 (a) because FVDM did not consider the wind effect. Moreover, maximum speed is lower than 10 m/s with wind speed at 24 m/s in Figure 2 (c). These indicate that strong wind could significantly inhibit driving speed; the higher the wind speed, the lower the vehicle speed. The result is consistent with the phenomenon observed in real traffic that driver will slow down when the wind force is powerful. in Figure 2 (c) is more gentle than those in Figure 2 (b). It shows that drivers will be more careful to keep driving and try to stabilize the vehicle velocity when the wind speed gets higher. We also use the hysteresis loops to demonstrate the relationship between velocity and space headway and the relationship between acceleration and space headway. Figure 3 exhibits the hysteresis loops after a sufficiently large time, where (a) and (b) are obtained from FVDM and our model. The 30th vehicle is selected as the target vehicle. Figure 4 represents the relationship between acceleration and space headway at time 600 s, where the dotted line and solid line are obtained from FVDM and our model. Hysteresis loop having a larger size means that the stability of traffic flow is lower, and the stability of traffic flow is improved with the decrease of the size of the loop. From Figures 3 and 4 , we can find that the hysteresis loop obtained from our model is much smaller than that from the FVDM. The result indicates that, by taking the effect of strong wind into account, the stability of the traffic flow simulated by our model is superior to that simulated by FVDM, which is consistent with the conclusion of Figure 1. 
Lateral Stability of Vehicle.
In this subsection, we investigate the influence of strong wind on the lateral stability of vehicle. Lateral stability refers to the vehicle's performance of resisting lateral overturn and side slip. Researches show that, under the identical road conditions and driving speed, side slip occurs before overturn with the enhancement of cross wind [50] . In real traffic, vehicle side slip will occur when the lateral force is greater than the side friction between the vehicle and the road surface. In view of this, lateral stability of the driving vehicle will be ensured as long as side slip is prevented.
Maximum side friction can be expressed as
where = is the maximum static friction force between vehicle and road. The permanents and are, respectively, friction coefficient and sideway adhesion coefficient. In this paper , are, respectively, set as 0.5 and 0.6.
In the case of driving on a ring road in the weather of strong winds, lateral force on vehicle is the resultant force of centrifugal force and wind force. When the wind force has same direction with the centrifugal force, lateral force will be a large increase with the increase of wind speed and possibly exceed the maximum side friction. Therefore, it is necessary to analyze the lateral force on vehicle in this situation. Figure 5 shows the force evolution of the 30th vehicle for different wind speed after 500 seconds, where (a) and initial conditions are set as (17) . Comparing with the FVDM, we can draw the conclusions from Figure 5 : (1 (2) The amplitude and the frequency of lateral force curve in Figure 5 (d) are, respectively, smaller than those in Figure 5 (c). It indicates that the increase of wind force plays a role in prompting driver to be more careful while driving and thereby leads to a more gentle curve of the lateral force.
Vehicle's Fuel Consumption.
We explore the effect of strong wind on vehicle's fuel consumption because the existing studies show that fuel consumption can be affected by driving behavior [51] [52] [53] . Ahn [51] proposed a VT-micro model to formulate the vehicle's fuel consumption in 1998. The VT-micro model can be written as
where MOEe is the vehicle's fuel consumption rate and its unit is ml/s; , is the regression coefficient (see Table 1 ). To display the difference of the vehicle's fuel consumption under different wind speed, we calculate the evolution of the fuel consumption rate from 500 seconds to 800 seconds and the profile of the 30 ℎ vehicle under different wind speed. The initial conditions are set as (17) . Figure 6 shows the evolution of the fuel consumption rate and the profile of the 30th vehicle for different wind speed from 500 seconds to 800 seconds, where (a) shows the results Figure 6 , we can see that without the consideration of the wind effect, the amplitude of fuel consumption rate simulated by FVDM in Figure 6 (a) is higher than that simulated by our model in Figures 6(b) and 6(c) . Furthermore, the amplitude of fuel consumption rate is lower in Figure 6 (c) when the wind speed is 24 m/s than that in Figure 6 (b) when the wind speed is 20 m/s. It shows that the fuel consumption is affected by the wind. As the wind speed increases, the amplitude of fuel consumption rate decreases gradually.
Though we obtain the conclusion from Figure 6 that the wind can affect the amplitude of fuel consumption rate, we can not determine whether the effect of strong wind will reduce vehicle's fuel consumption. In order to further study the effect of strong wind on vehicle's fuel consumption, we simulated each vehicle's total fuel consumption for a period of time by using FVDM and our model, respectively. Figure 7 exhibits each vehicle's total fuel consumption for 1000 s with different wind speed, where (a) and (b) are, respectively, with wind speed at 20 m/s and 24 m/s. As can be seen from Figure 7 , the curves of each vehicle's total fuel consumption simulated by our model are lower than the curve simulated by FVDM. Also, each vehicle's total fuel consumption with wind speed at 24 m/s is lower than that with 20 m/s. Simulation results indicate that by taking the effect of strong wind into account the driver will reduce the vehicle's velocity to avoid the traffic accident, so it leads to the reduction of fuel consumption. Therefore, the simulation results are consistent with the conclusions of Figure 6 .
Conclusions
In this paper, we present an extended car-following model with the consideration of the wind effect based on the FVD model. Linear stability analysis is carried out to study the traffic characteristics by making use of linear stability analysis. Numerical analysis is made to explore the effect of strong wind on evolution of a small perturbation, lateral stability of vehicle, and vehicle's fuel consumption. The simulation result shows that the developed model can qualitatively reproduce the impact of the strong wind on traffic flow, which means the new developed model is reasonable. Nevertheless, there are still some limitations in this paper. For example, we do not consider the influence caused by wind changing direction, and, moreover, strong wind often causes low visibility, but it is not currently taken into account. In the further study, we will develop a new car-following model on the basis of the model presented in this paper to address the above limitations. Theoretical analysis and experimental study will be carried out to explore the effect of wind changing direction and low visibility on traffic flow.
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